The authors examined the associations of toenail selenium levels with blood concentrations of fibrinogen, highsensitivity C-reactive protein (hs-CRP), and interleukin-6 (IL-6) in an 18-year follow-up study comprising 4,032 Americans aged 20-32 years at baseline (1987) from the Coronary Artery Risk Development in Young Adults (CARDIA) Trace Element Study. Toenail samples were collected in 1987, and selenium concentrations were measured by means of instrumental neutron-activation analysis. Fibrinogen level was analyzed in , 1992, and 2005 hs-CRP was assessed in 1992 hs-CRP was assessed in , 2000 hs-CRP was assessed in , and 2005; and IL-6 was measured in 2005. After adjustment for potential confounders, no statistically significant associations between toenail selenium levels and any of the 3 inflammatory biomarkers were documented. Comparing the highest quintile of toenail selenium level with the lowest, odds ratios for elevated levels of fibrinogen (>460 mg/mL), hs-CRP (>3 lg/mL), and IL-6 (>3.395 pg/mL, 80th percentile) were 1.03 (95% confidence interval (CI): 0.77, 1.38; P for trend ¼ 0.76), 1.02 (95% CI: 0.83, 1.27; P for trend ¼ 0.92), and 0.98 (95% CI: 0.71, 1.36; P for trend ¼ 0.82), respectively. Gender, race/ethnicity, smoking status, and selenium supplementation did not appreciably modify these results. This study found no associations between toenail selenium and inflammation as measured by fibrinogen, hs-CRP, and IL-6.
The recognition of selenium's role in preventing oxidative damage has ignited research into the association between selenium and various chronic inflammatory conditions. Serum selenium level was observed to be inversely associated with rheumatoid factor-negative arthritis in a large case-control study nested in a Finnish cohort (1) . Selenium was also found to be protective against other possible inflammation-related diseases, including asthma (2) and pancreatitis (3) , in the United Kingdom. In addition, low selenium levels have been found to be associated with some autoimmune conditions, such as autoimmune hepatitis and type 1 diabetes (4, 5) . Thus, it has been hypothesized that selenium, incorporated into selenoproteins as an antioxidant, can lower levels of inflammatory biomarkers (6) .
However, data directly relating selenium to inflammatory markers or cardiovascular disease risk factors are sparse. Investigators from the Women's Health and Aging Study I (WHAS I) reported an inverse correlation between serum selenium levels and interleukin-6 (IL-6) levels in disabled elderly women (7) . A study using data from the Third National Health and Nutrition Examination Survey (NHANES III) also found an inverse association between blood selenium and C-reactive protein (8) . In addition, another cross-sectional study found that intake of selenium was associated with lower levels of high-sensitivity C-reactive protein (hs-CRP) in women (9) . In contrast, in a randomized trial, Stranges et al. (10) found that selenium supplementation of 200 lg/day increased the risk of type 2 diabetes mellitus, which may be linked to inflammatory markers (11) . Further, in a recent large-scale, randomized, placebo-controlled trial, Lippman et al. (12) found no association between selenium supplementation of 200 lg /day and cardiovascular endpoints. Notably, prospective epidemiologic data on the long-term association between selenium and biomarkers of inflammation are lacking.
Toenail selenium level is recognized as a reliable biomarker reflecting relatively long-term selenium status (13, 14) . As inflammatory biomarkers, hs-CRP and IL-6 have been widely used, not only in experimental studies but also in epidemiologic studies, for predicting atherosclerosis and cardiovascular disease (15, 16) . Fibrinogen is an established clotting factor and is also considered a marker for chronic low-grade inflammation (17, 18) . Our purpose in this study was to examine the long-term associations between toenail selenium levels and levels of 3 available inflammatory biomarkers-fibrinogen, hs-CRP, and IL-6-in the Coronary Artery Risk Development in Young Adults (CARDIA) Trace Element Study.
MATERIALS AND METHODS

Study population
The CARDIA cohort was established in 1985, when 5,115 American young adults aged 18-30 years participated in a study of psychological and lifestyle factors that might affect the evolution of coronary artery disease risk. Details of the study design have been published elsewhere (19) . Briefly, the cohort was roughly balanced by age (<25 years, 25 years), gender, education (high school, >high school), and race/ethnicity (African-American, Caucasian) and was recruited from 4 US metropolitan areas (Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, California). Six follow-up examinations have been conducted, in 1987, 1990, 1992, 1995, 2000, and 2005 . Approximately 70% of participants in the original cohort returned for the sixth visit in 2005, and follow-up rates averaged 94% in each examination cycle. In the present study, 1987 was considered the baseline date, since toenail specimens were collected in that year. A total of 4,624 participants attended the 1987 examination, of which 4,362 (94.3%) provided toenail clippings. In this analysis, we excluded participants who had missing data on toenail weight (n ¼ 75) and those who had an extremely high level of toenail selenium (2 lg/g; n ¼ 28), since, based on our laboratory experience, this high concentration is probably due to exogenous contamination. We also excluded participants who had no data on any of the 3 biomarkers of inflammation (n ¼ 222) and those who had arthritis (n ¼ 5). After these baseline exclusions, 4,032 participants were included in this analysis.
All participants gave informed consent. The study design, data collection, and analyses were approved by the institutional review boards of the participating institutions.
Analysis of exposure
Toenail clippings were collected from all 10 toes by the participants themselves with a stainless steel clipper during the clinical examination. All toenail clippings were processed with a washing procedure in a sonicator with deionized water. Selenium levels were analyzed by means of instrumental neutron-activation analysis at the University of Missouri Research Reactor (20) . Toenail specimens were treated in random order by the laboratory personnel, who were blinded to other clinical measures. In the present study, the average coefficient of variation in duplicate subsamples for the toenail selenium measurement was 2.45%.
Animal studies suggest that toenail selenium level is best suited for measuring skeletal muscle and heart selenium status. The correlations between toenail selenium and skeletal muscle and heart selenium content were 0.75 and 0.76, respectively (21) . In addition, toenail selenium concentration from a single sample represents exposure over a period of 9-12 months (22, 23) . The Spearman correlation coefficient for the reproducibility of toenail selenium over a period of 6 years has been shown to be 0.48 (24) . In a pilot study we conducted in 2007 among 64 randomly selected CARDIA participants from Chicago field center, the Spearman correlation coefficient for the correlation between toenail selenium concentrations in toenail clippings collected 20 years apart and measured by the same laboratory with the same protocol was 0.56.
Measurements of inflammatory biomarkers
Fibrinogen was measured 3 times, in 1990, 1992, and 2005. In 1990, fibrinogen was assessed via the Clauss method using reagents from the Dade Behring division of Baxter Healthcare Corporation (Dade Behring Inc., Deerfield, Illinois) (25) . In 1992 and 2005, fibrinogen antigen was measured using the BN-II nephelometer (N Antiserum to Human Fibrinogen; Dade Behring Inc.) and calibrated with standard normal plasma (SNP reagent; Dade Behring Inc.), which was also selected for consistency with the previously utilized Claus method (18, 26) .
Serum hs-CRP was measured in blood samples collected in 1992, 2000, and 2005 using a new enzyme-linked immunosorbent assay method improved with a nephelometrybased high-throughput assay that offers greater sensitivity and reproducibility (27) . IL-6 was measured in 2005 only with a high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minnesota) (28).
Assessment of covariates
Data on demographic variables were collected via questionnaire. Smoking status was determined by self-report at each examination and was classified into 3 groups: current, former, and never smokers. Alcohol consumption was assessed with a self-administered questionnaire and as part of a dietary interview at each examination. Weight and height were directly measured while the participant stood in light clothes without shoes. Body mass index (weight (kg)/height (m)
2 ) was classified into 5 groups: <21, 21-22.9, 23-24.9, 25-29.9, and 30 (29) . At each examination, blood pressure was measured on the right arm with a random-zero sphygmomanometer after the participant had rested for 5 minutes. Systolic and diastolic blood pressures were recorded as phase I and phase V Korotkoff sounds. Physical activity was assessed using the interview-based, validated CARDIA Physical Activity History Questionnaire (30) . A score of 100 exercise units is approximately equivalent to participation in vigorous activity for 2-3 hours per week during 6 months of the year. Diet was assessed by means of the validated CARDIA Diet History Questionnaire at the 1985, 1992, and 2005 examinations. We also took data on supplement use into account to assess intakes of related micronutrients and vitamins.
Statistical analysis
Participants were divided into quintiles according to their toenail selenium levels. Group comparisons of characteristics at baseline were performed using analysis of variance, the Kruskal-Wallis test, or the chi-squared test as appropriate.
Binary variables for all 3 inflammatory markers were created. The cutoff values for fibrinogen (>460 mg/L) and hs-CRP (>3 lg/L) were determined on the basis of the literature (31, 32) . The generalized estimating equations method with logit linkage was used to calculate multivariable-adjusted prospective odds ratios and 95% confidence intervals for elevated levels of fibrinogen or hs-CRP. Since there is no commonly used cutoff value for IL-6, we defined this binary variable by using its 80th percentile. A logistic regression model was used to estimate odds ratios and 95% confidence intervals for elevated IL-6 level. We considered 3 sequential models in the analysis of each inflammatory marker: Model 1 adjusted for age, gender, race/ethnicity, and study center; model 2 additionally adjusted for education, smoking status, alcohol consumption, physical activity, body mass index, and toenail mass; and model 3 additionally adjusted for baseline dietary intake of vitamin C, folic acid, zinc, vitamin E, and b-carotene. We created an ordinal variable for selenium using the median level of toenail selenium in each quintile for the trend test.
We also considered continuous outcomes for the 3 markers. Box-Cox transformation was used to improve the normality of the distributions of fibrinogen, hs-CRP, and IL-6. Because fibrinogen and hs-CRP were measured multiple times, generalized estimating equations were used to examine the associations between selenium levels and these 2 inflammatory biomarkers; since IL-6 was measured once, the general linear model was used. The sequential modeling strategy described above was used in all models. In addition, we used a nonparametric spline in sensitivity analysis to detect whether there was any ''threshold'' association.
All analyses were performed using SAS, version 9.1.3 (SAS Institute Inc., Cary, North Carolina). P 0.05 was considered statistically significant.
RESULTS
Baseline characteristics of the 4,032 study participants are shown in Table 1 . The median toenail selenium levels across quintiles were 0.69, 0.78, 0.84, 0.91, and 1.04 lg/g.
As compared with participants in the lowest quintile of selenium level, those in the highest quintile were slightly older and were more likely to be female, Caucasian, and non-current smokers. They also had a higher educational level and higher intakes of vitamin C, folic acid, vitamin E, b-carotene, and zinc but had lower alcohol consumption and lower body mass index. Toenail selenium levels varied geographically by study center. Selenium levels were relatively lower in males, African Americans, current smokers, and participants with high alcohol consumption ( Table 1) .
In the logistic regression analysis for binary outcomes of elevated inflammatory marker levels, the multivariableadjusted odds ratios were 1.03 (95% confidence (Table 2) . Gender, race/ ethnicity, smoking status, and supplement use did not appreciably modify the observed null associations (Figure 1) . We also considered the 3 markers as continuous outcomes and calculated multivariable-adjusted regression coefficients and their 95% confidence intervals. Consistently, no statistically significant associations were found (data not shown).
We conducted sensitivity analyses to test the robustness of our findings (data not shown). First, when we excluded participants with self-reported asthma (n ¼ 49), allergic disease (n ¼ 5), and acute pancreatitis (n ¼ 1) at baseline, the results remained the same. Second, when we further excluded those who reported thyroid problems (hyperthyroidism, hypothyroidism, goiter, or other thyroid problems; n ¼ 71), the results were not appreciably changed. Third, the results were similar when we additionally adjusted for intake of long-chain omega-3 polyunsaturated fatty acids in the model; previous studies had suggested a beneficial effect of these fatty acids on inflammation (33) and a possible interaction between these fatty acids and selenium (34) . In addition, there was no significant interaction between intake of omega-3 fatty acids or fish and toenail selenium in relation to any of the 3 inflammatory biomarkers. Finally, because we had multiple measurements of fibrinogen and hs-CRP, we examined the associations by separately relating toenail selenium levels to fibrinogen/hs-CRP measured at different time points; the null associations remained consistent, and no secular trend was found.
DISCUSSION
In this large prospective cohort study, we found no significant long-term associations between toenail selenium levels and blood concentrations of fibrinogen, hs-CRP, and IL-6 among healthy American young adults. Gender, race/ ethnicity, smoking status, and selenium supplementation did not materially modify these results.
Our findings are unlikely to be explained by low statistical power, because 4,032 participants and the use of continuous outcomes guaranteed approximately 99% power to detect a 0.05-unit change in each inflammatory biomarker when comparing the 2 extreme quintiles of selenium level with a standard deviation of 0.2 and a 2-tailed, Bonferroni correction alpha level of 0.005. Our results are also unlikely to have been substantially biased by confounders, since we used biomarkers for both exposure and outcomes and sequentially adjusted for a number of potential confounders, including major lifestyle, dietary, and nondietary factors. However, the possibility of residual confounding and confounding from unmeasured factors cannot be excluded because of the nature of observational studies. In addition, selenium level was measured in toenails in this study. Toenail selenium is recognized as the best indicator of relatively long-term selenium exposure compared with other biomarkers such as blood selenium. The range of toenail selenium levels in this study was 0.48-1.98 lg/g, which provided wide variation and enabled us to examine any possible association between selenium and inflammatory biomarkers. Moreover, one may observe a null association if the exposure variation falls within a flat portion of a nonlinear relation (i.e., threshold). However, the likelihood of this is low, since there was no ''threshold'' phenomenon detected in a nonparametric spline analysis. Furthermore, the consistent results across all 3 available inflammatory biomarkers and from sensitivity analyses strengthened our study and increased the robustness of our findings. In addition to the inherent limitations of observational studies, this study had a few other limitations. First, toenail selenium was measured only at baseline. Thus, we were unable to study the effects of changes in selenium status on inflammatory biomarkers over the 18-year follow-up period. For example, if participants with low selenium levels at baseline increased their intakes of selenium later on, any possible association would be attenuated. However, results were consistent when we further adjusted for, or stratified data according to, selenium supplement use. Further, because of budget and other practical constraints, it is not uncommon for investigators in longitudinal epidemiologic studies to utilize 1 measurement of exposure at baseline with an assumption that this single measurement represents long-term exposure status (35, 36) . Second, although good long-term reproducibility of toenail measurements was suggested by 1 published study (24) and by our pilot study, it is possible that random measurement error could prevent the detection of any weak or moderate long-term association. Third, a narrow safety range of selenium intake has been a Generalized estimating equations with binary outcomes were used for repeated measurements of fibrinogen and high-sensitivity C-reactive protein; a logistic regression model was used for interleukin-6.
b An ordinal selenium variable using the median toenail selenium level in each quintile was created for the trend tests. c Adjusted for age, gender (male, female), race/ethnicity (African-American, Caucasian), and study center. d Additionally adjusted for education (12, (13) (14) (15) , or 16 years), smoking status (never smoker, former smoker, or current smoker), alcohol consumption (0, 0.1-11.9, 12.0-23.9, or 24 mL/day), physical activity score (quintiles), body mass index (weight (kg)/height (m) 2 ; <21, 21-22.9, 23-24.9, 25-29.9, 30), and toenail mass (mg; quintiles).
e Additionally adjusted for intakes (quintiles) of vitamin C, folic acid, zinc, vitamin E, and b-carotene at baseline.
recently suggested (37) , while selenium intake is relatively high in the US population (38) (39) (40) . The possibility cannot be excluded that our null association findings were due to the relatively high selenium intake of this particular population. Selenium intake above a certain level may not increase selenoprotein antioxidant properties (37) . Therefore, if the selenium level in the reference group was high enough to provide full antioxidant benefits, further selenium intake might not offer any additional benefits. Finally, because our findings were based on a cohort of American young adults from 4 urban areas, their generalizability may be limited.
In addition, our results were not consistent with findings from the WHAS I (7) and NHANES III (8) , which found an inverse association between selenium and IL-6 or C-reactive protein. Notably, these 2 studies measured blood selenium levels, which may reflect a different exposure time frame than toenail selenium. In addition, the WHAS I and NHANES III were cross-sectional studies. The fact that we found no long-term association does not discount the possibility of a short-term relation between selenium and inflammatory biomarkers. Moreover, the inconsistent results may be partially due to the different study populations.
Experimental studies suggest that oxidative stress may promote inflammation (41, 42) . Acting as an antioxidant, selenium has been shown to benefit patients with inflammatory diseases (1-4, 43, 44) . However, concern has been raised because recent studies have suggested a narrow safety range of selenium intake. A recent large-scale, randomized, placebo-controlled trial found that selenium supplementation did not reduce risk of cardiovascular disease (12) . Our study provides further evidence that a high selenium level may not be beneficial for the prevention of cardiovascular disease, even over a long time period. Nevertheless, further studies are warranted to confirm these findings in different populations with different selenium status and to better understand the potential mechanism of action between selenium and inflammatory biomarkers.
In conclusion, this prospective cohort study did not demonstrate any associations between toenail selenium levels and inflammation as measured by fibrinogen, hs-CRP, and IL-6 among apparently healthy American young adults. The null associations remained consistent across subgroups of gender, race/ethnicity, selenium supplement use, and smoking status. Relations between toenail selenium concentration (lg/g) and levels of inflammatory biomarkers (fibrinogen (mg/dL), high-sensitivity C-reactive protein (hs-CRP; lg/mL), and interleukin-6 (IL-6; pg/mL)), determined by comparing the highest quintile of toenail selenium level with the lowest, by gender, race/ethnicity, smoking status, and use of selenium supplements, CARDIA Trace Element Study, 1987-2005. Results were adjusted for the covariates listed for model 3 in Table 2 . Bars, 95% confidence interval (CI).
